Abstract. Different optimization methods generate a large variety of solutions that are suitable for achieving the sets of chosen objectives. The selection of appropriate design variables and objective functions are essential elements in the optimization process. However, the existing methodologies seem to be too complicated and designers seek to use simplified methods in order to evaluate the overall performance of the buildings. The advancement of information technology enables the use of Building Information Modelling and energy simulation tools for the integrated building design in an early stage. Thus, this article introduces a new evaluation method for analysis of the effective solution of the building performance and aims at determining the influence of a complex criteria (construction duration, construction cost, annual bill-based costs, annual primary energy demand, annual CO 2 emissions of energy use, CO 2 emissions of construction materials and works, thermal comfort) for the final decision making. The findings of the article have confirmed that the high level of the building energy efficiency is not directly proportional to the overall investments, i.e. additional investments do not bring benefits from economic and environmental points of view.
Introduction
The global community and politicians pay great attention to the global energy resources that are used to create an indoor climate in a building sector (United Nations 1998; Sillmann et al. 2013) . For this reason, nowadays the implementation of targets of an efficient energy use in buildings is the main issue (Mauro et al. 2015; Motuzienė et al. 2015) . A wide variety of energy performance evaluation methods for buildings are created and applied in the scientific studies and practice in order to increase the energy savings (Henriques et al. 2015) , the use of renewable energy technologies (Bernal-Agustín, DufoLópez 2009) and to reduce the CO 2 emissions (Diakaki et al. 2013) . However, a large number of building design alternatives (Machairas et al. 2014) , including passive (low values of heat transfer coefficients of building envelope, high tightness, solar protection systems) and active (high efficiency energy supply systems and technical systems, heat recovery systems, integrated renewable energy technologies) energy efficiency measures, cause a complicated evaluation task in the early design stage and especially analysis for whole life cycle (Dufo-López et al. 2011; Evins 2013) .
The overview of the recent scientific researches (Attia et al. 2013; Stevanovic 2013; Nguyen et al. 2014 ) has shown that the best possible decisions satisfy some combinations of these objectives: energy, technical, ecological, economic, comfort and performance. The complex evaluation of these goals has not been performed yet.
Various researchers analyse revolution of information management in construction industry and in certain case studies there are solutions compatible with the latest research and development topics such as Building Information Modelling (BIM) (Bryde et al. 2013; Sun et al. 2015) . The use of BIM methodology globally reaches the highest level of knowledge adoption (Miettinen, Paavola 2014; Abanda et al. 2015) but also faces both real benefits and limitations (Laine et al. 2007; Migilinskas et al. 2013) . It is very important to analyse the continuous BIM implementation during the whole project life cycle of building and make complete assessment during all phases and with all team participants (AECO -architecture, engineering, construction and operation). The main objects of BIM implementation research are mostly related with application to newly planned/designed/constructed/maintained buildings and only small majority are suggested for the refurbishment projects (Popov et al. 2010; Volk et al. 2014) . The sustainability aspects (Kim et al. 2015) , development of cost/energy effective and sustainable construction (McArthur 2015; Cemesova et al. 2015) need to be taken into consideration in order to make a suitable project solution.
The rational solutions are derived from the parametric analysis which is performed by modelling tools, multi-criteria decision making methods and multi-objective optimization algorithms, such as genetic, evolutionary, particle swarm optimization (Mohamed et al. 2014; Hamdy et al. 2016) . The review of these sources shows that different optimization methods produce a large variety of solutions (Magnier, Haghighat 2010) , suitable for achieving the sets of the chosen objectives. Therefore, the selection of appropriate design variables and objective functions are essential elements in the optimization process. However, the existing methodologies seem to be too complicated and the designers seek to use simplified methods in order to evaluate the energy performance of the buildings. Therefore, the advancement of information technology enables a more frequent use of BIM (Building Information Modelling) and energy simulation tools for the integrated building design in an early stage (Kulahcioglu et al. 2012; Sun et al. 2015) . BIM application has gained in popularity due to a number of advantages, such as possibility to simulate buildings and processes which are required in order to achieve the result before they actually take place (Popov et al. 2010; Chen, Luo 2014) . At the earliest stage of the life cycle of the building, more efficient collaboration between project participants, a continuous use of information introduced into the model (subsequent use during the operating stage) and better management are required (Laine et al. 2007) . In other words, all the tools: BIM, GIS (Geographical Information System), building energy simulation (Mauro et al. 2015) and sustainable development should be combined into the overall system and used throughout the building lifecycle (Motuzienė et al. 2015) . In terms of energy consumption, information modelling data is fed into the simulator/analyser for more detailed analysis of the energy in order to increase energy efficiency and reduce greenhouse gas emissions (Wong, Fan 2013; Cemesova et al. 2015) .
In most of the scientific articles the BIM implementation is described by using certain software, tools and techniques (Popov et al. 2010; Miettinen, Paavola 2014) in order to manage various numbers of dimensions, like 2D, 3D, 4D, 5D, and so on (Migilinskas et al. 2013; Abanda et al. 2015; Sun et al. 2015) . But finally, all the dimensions are described between the distributed quantative (Žėkas et al. 2014 ) and qualitative parameters. Quantative parameters are limited to three dimensional geometry in space and time for certain analysis of the three dimensional elements status. From this perspective, quantative parameters are limited to 3D and 4D dimensions. For other information (parameters/attributes) delivery qualitative parameters must be used and are mostly used to describe the cost related parameters (Smith 2014; Lu et al. 2016) . The scientists analyse 6D, 7D, 8D and other dimensions in order to reflect sustainability, energy efficiency, maintenance, safety and other aspects, but it is really possible to convert this information and indicators with cost related parameters (Migilinskas et al. 2013; Fazli et al. 2014; Smith 2014; Henriques et al. 2015) . It is suggestible to fulfill description of BIM methodology implementation as it is the best technique to ensure the project quality, limited with 5D or 6D dimensions, and the whole project life cycle information management (Chen, Luo 2014; Wang et al. 2014; Lu et al. 2016) .
Thus, this study introduces the simplified method for the evaluation of the effective solution of the building performance and aims at determining the influence of a complex set of criteria (construction duration, construction cost, annual bill-based costs, annual primary energy demand, annual CO 2 emissions of energy use, CO 2 emissions of construction materials and works, thermal comfort) for the final decision making and organised as follows. Section 1 presents input data and muticriteria evaluation model. Section 2 covers methodology for evaluation of the rational building energy performance. Section 3 presents the calculation of criteria weights and multi-criteria method ARAS. Section 4 presents the description of analysed building. Section 5 presents the values of initial indicators. Section 6 presents the results after multi-criteria evaluation with method ARAS. At the end of the article conclusions are presented.
Receiving input data for a multi-criteria evaluation model
A three-dimensional model of the building can be placed on the world map with regard to the countries of the world using GIS coordination systems. With the help of computer-aided design (CAD) tools, the building model is related with the global coordinates and rotated in the directions of the countries of the world. The analysis of overall building-related information can provide the actual situation of a virtual building with relation to the countries of the world, climate zones and changing seasons. Furthermore, by using the energy simulation tools it is possible to assess energy needs and costs for heating, ventilation and cooling systems.
Using BIM concept and technologies, all the information of the building from architectural geometric models can be easily transferred into the energy simulation (BES) tools, which can simulate almost all complex physical phenomena taking place in the building envelope, internal premises and technical systems. The building energy simulation, performed at the early design stage, enables to select effective design solutions out of possible alternatives. In the design stage BIM technologies include all information about the integrated engineering systems, solar control measures and etc. in one place. In this way, the risk of mistakes or discrepancies is reduced. Software cannot replace professionals but it can minimize the risk of errors. Moreover, BIM promotes collaboration between all participants in the construction process to avoid major mistakes and unresolved issues.
In order to implement the simplified method for the evaluation of the effective solution for building performance, this paper presents the integrated use of BIM technologies (Bentley AECOsim, Autodesk Revit & MEP), the energy simulation software DesignBuilder and the multi-criteria evaluation model. Four models of a multi-storey office building are generated using BIM technologies. Having taken into account the goals of the European Union and the Directive, Lithuania introduced them in its legal framework and added to the building energy performance certificate. Based on the standards of national level, modelling of the possible options (models) of a reference building have been defined and evaluated. Model A 1 is created according to the technical project, prepared in 2008 (energy efficiency class -C). Model A 2 satisfies the requirements for the energy efficiency class B. Model A 3 is generated according to the design project, prepared in 2013 (energy efficiency class -A). Model A 4 is modelled according to the current situation "as built" (energy efficiency class -A actual ). The models of building constructions are made by using Bentley software. The analytical model was created in Revit MEP, in order to get a green building XML (gbXML) format of the model. The gbXML data was loaded to DesignBuilder software for the building energy simulations.
Evaluation of the rational building energy performance
In this paper the simplified method for the evaluation of the effective solution for the building performance is presented. The method aims at obtaining the effective solution of building performance in terms of construction cost, annual bill-based costs, annual primary energy demand, construction duration, and annual CO 2 emissions of energy use, CO 2 emissions of construction materials and works, and thermal comfort. The multi-criteria evaluation model of the effective building performance is provided in Figure 1 .
A description of evaluation criteria, multi-criteria decision making method ARAS and the assessment of weights of selected criteria are presented below:
-Construction duration (x 1 ). In order to quantify CO 2 emissions due to the working mechanisms in construction stage, the construction duration is evaluated. The criterion is expressed in months. -Construction cost (x 2 ). There are evaluating building structure installation cost (evaluating quantity of used concrete), cladding facade installation cost (evaluating quantity of used rock wool), glassed facade installation cost (evaluating quantity of used glasses), roof installation cost (evaluating quantity of used rock wool), and engineering systems installation cost (evaluating just systems, which create energy efficiency and comfort). Price level 2013.10. The criterion is expressed in thousands of EUR. -Annual bill-based costs (x 3 ). There are evaluating public utilities such as electricity, heat energy costs, rental fee, maintenance costs and etc., which are likely to be paid during 5 years exploitation period (price level 2015.10). The quantity of water consumption in these calculations is not evaluated, because it is assumed that water consumption does not depend on the energy efficiency class. The criterion is expressed in thousands of EUR. -Annual primary energy demand (x 4 ). Electricity and heat consumptions in calculations are determined for 5 years period and expressed in kWh/m 2 . -Annual CO 2 emissions of energy use (x 5 ). The amount of annual CO 2 emissions is used as the ecological criterion. -CO 2 emissions of construction materials and works (x 6 ). The quantity of CO 2 emissions are determined for the used concrete production and transportation, used in facade glasses production and transportation, used insulation materials (rock wool) production and transportation and for tower crane work, because according to the research, in high-rise building construction stage a tower crane work produces the biggest part of CO 2 emissions of all mechanisms Štreimikienė 2013 ). -Thermal Comfort (x 7 ). The number of discomfort hours (DH) during the whole year is used as thermal comfort criteria.
Calculation of criteria weights and multi-criteria method ARAS
The weights of each criterion (w 1 , w 2 , w 3 , w 4 , w 5 , w 6 , w 7 ) have been determined by using the expert assessment method. The experts filled in 20 questionnaires in order to calculate the weight of each criterion according to the rating scale. The criteria weights (w j ) have been calculated using the AHP (Ertay et al. 2013; Kutut et al. 2014) . Following the results of the questionnaires and the pairwise comparison method, the determined criteria weights are presented in Table 1 . The opinions of experts are concerted. The coefficient of compatibility, when the number of liberty degree is 4 and the level of reliability is 0.01%. After the calculation of criteria weights, the initial decision making matrix has been formed for the further multi-criteria evaluation using method ARAS.
In order to determine the best alternative, calculations have been made using method ARAS. The multicriteria decision making method Additive Ratio ASsessment (ARAS) is used for the final decision making in the rank of the design variants of the building (Zavadskas, Turskis 2010; Kutut et al. 2014) . The calculations include the following 4 models: A 1 (C calc ), A 2 (B calc ), A 3 (A calc ), A 4 (A actual ), which are based on the initial values of criteria and A 0 -optimal values. The relative significances of criteria (criteria weights) w j are determined according to the survey that involved 20 construction-related experts. In this article all the selected criteria are minimized. Therefore, the criteria, the preferable values of which are minimal, are normalized by applying a twostage procedure:
The sum of weights w j must be limited to the requirement:
Normalized-weighted values of all the criteria are calculated as follows:
where w j is the weight (importance) of criterion j and ij x is the normalized rating of criterion j.
The following task is to determine values of optimality function:
where S i is the value of optimality function of alternative i.
Description of analysed building
The selected analysis object for the case study is a multistorey office building, located in Vilnius (Lithuania). The total floor area of the building is 9560 m 2 and the building has 21 floors. The models of the reference building are shown in Figure 2 (Kulahcioglu et al. 2012) . The reduction of greenhouse gas emissions is an integral part of the energy performance. Considering the goals of the European Union, Lithuania has introduced the regulation of "Design of Energy Performance of Buildings", presenting all the requirements for different energy performance class. The regulation is implemented in accordance with the Directive 2010/31/EU of the European Parliament (2010) . The heat transfer coefficients (U-values) used in analysis are based on the regulations and used for the building envelope elements according to the energy classes.
The energy simulation software DesignBuilder is used for three models (A 1 , A 2 , A 3 ) . The results of the energy simulation of three different models of the building show that the energy demand for heating is reduced by 74.3% in the case of model A 3 compared with the results of model A 1 . The energy demand for cooling reduces only by 8%. Therefore, in the case of energy efficiency class A, the annual primary energy demand and the amount of CO 2 emissions are lower by 10% comparing with the design variant of class B; and lower by 14.6% in comparison with the variant of class C.
Following the simulation results of the models of the building, due to higher requirements for building tightness and thermal characteristics, the discomfort hours increase in the case of model A 3 . The building is overheating thereby causing discomfort of occupancy. The additional solar control measures, which shall further raise the construction cost, must be implemented. For the evaluation of building models, the same thermal comfort level of model A 3 is foreseen for model A 4 , because any measurements of microclimate parameters are not performed on site.
Values of initial indicators
The values of the initial indicators collected from building information models, energy simulations, intermediate calculations, analysis reports and assumptions for the Table 2 .
Results after multi-criteria evaluation with ARAS
The biggest value is the best, and the least one is the worst. A weighted-normalized decision making matrix for method ARAS with final results is presented in Table 3. The results show that a priority sequence of the models is as follows: A 2 > A 1 > A 3 > A 4 . Therefore, considering the selected four models of the multi-storey office building, the best solution is alternative A 2 .
Comparing quantities of sub-criteria of construction cost between building alternatives A (prepared according the design project) and A actual (created by modelling, according the current situation), we can see that both of them are increased and that probably they are the reason of the construction cost increase. It could also be impacted by the increasing construction duration and it is very important for the evaluation of CO 2 emissions, which, as we see, are also increased. In this case, it reveals one benefit of the three-dimensional modelling -to design buildings and necessary processes to achieve results in advance.
By comparing total quantities of energy consumption between building alternatives A and A actual , we can see that in fact, it is 1.5−2 times higher than it has been planned. In this case, the increase of the used energy cost (increased taxes) also increases CO 2 emissions. One of the reasons for such increased energy consumption may be that the tenants of the building, for personal reasons, feel comfortable in the workplace at higher than defined in norms values (the amount of air, room temperature, etc.), what causes the increase of energy consumption.
Conclusions
The article presents a new approach for the evaluation of the effective solution for building performance, which can be used on an early integrated design stage. The approach is based on the complex set of determined criteria and the integrated use of BIM, the energy simulation software DesignBuilder and the multi-criteria method ARAS.
The analysis of design variants of the multi-storey office building and the assessment of the above mentioned criteria, using various calculation methods have shown that the best alternative is the building of energy efficiency class B (alternative A 2 ). Therefore, the present article has confirmed the probability that the high level of the building energy efficiency is not (or not always) proportional to the investment, i.e. additional investment does not bring benefits from economic and environmental points of view. Choosing between energy efficiency class A and class B, the relevant list of economic and environmental criteria need to be analysed. The final decision can be done by assessor understanding the difference or change of criteria values (simulated/calculated class B comparing with class A or class A actual ):
-Construction duration (x 1 ) can increase by 9.9−19.9%; -Construction cost (x 2 ) can increase by 17.0−17.7%; -Annual bill-based costs (x 3 ) can increase by 18.2−21.5%; -Annual primary energy demand (x 4 ) can decrease by 5.0−9.4%; -Annual CO 2 emissions of energy use (x 5 ) can decrease by 5.8−11.1%; -CO 2 emissions of construction materials and works (x 6 ) can increase by 2.3−3.4%; -Thermal comfort (x 7 ) decreases by 23.3%.
In the future, the proposed model will be supplemented with a cost-optimality analysis, including a life cycle assessment (LCA) and life cycle cost analysis (LCC). 
